DEAD-box RNA helicases are vital for the regulation of various aspects of the RNA life cycle 1 , but the molecular underpinnings of their involvement, particularly in mammalian cells, remain poorly understood. Here we show that the DEAD-box RNA helicase DDX21 can sense the transcriptional status of both RNA polymerase (Pol) I and II to control multiple steps of ribosome biogenesis in human cells. We demonstrate that DDX21 widely associates with Pol I-and Pol II-transcribed genes and with diverse species of RNA, most prominently with non-coding RNAs involved in the formation of ribonucleoprotein complexes, including ribosomal RNA, small nucleolar RNAs (snoRNAs) and 7SK RNA. Although broad, these molecular interactions, both at the chromatin and RNA level, exhibit remarkable specificity for the regulation of ribosomal genes. In the nucleolus, DDX21 occupies the transcribed rDNA locus, directly contacts both rRNA and snoRNAs, and promotes rRNA transcription, processing and modification. In the nucleoplasm, DDX21 binds 7SK RNA and, as a component of the 7SK small nuclear ribonucleoprotein (snRNP) complex, is recruited to the promoters of Pol II-transcribed genes encoding ribosomal proteins and snoRNAs. Promoter-bound DDX21 facilitates the release of the positive transcription elongation factor b (P-TEFb) from the 7SK snRNP in a manner that is dependent on its helicase activity, thereby promoting transcription of its target genes. Our results uncover the multifaceted role of DDX21 in multiple steps of ribosome biogenesis, and provide evidence implicating a mammalian RNA helicase in RNA modification and Pol II elongation control.
DEAD-box RNA helicases are vital for the regulation of various aspects of the RNA life cycle 1 , but the molecular underpinnings of their involvement, particularly in mammalian cells, remain poorly understood. Here we show that the DEAD-box RNA helicase DDX21 can sense the transcriptional status of both RNA polymerase (Pol) I and II to control multiple steps of ribosome biogenesis in human cells. We demonstrate that DDX21 widely associates with Pol I-and Pol II-transcribed genes and with diverse species of RNA, most prominently with non-coding RNAs involved in the formation of ribonucleoprotein complexes, including ribosomal RNA, small nucleolar RNAs (snoRNAs) and 7SK RNA. Although broad, these molecular interactions, both at the chromatin and RNA level, exhibit remarkable specificity for the regulation of ribosomal genes. In the nucleolus, DDX21 occupies the transcribed rDNA locus, directly contacts both rRNA and snoRNAs, and promotes rRNA transcription, processing and modification. In the nucleoplasm, DDX21 binds 7SK RNA and, as a component of the 7SK small nuclear ribonucleoprotein (snRNP) complex, is recruited to the promoters of Pol II-transcribed genes encoding ribosomal proteins and snoRNAs. Promoter-bound DDX21 facilitates the release of the positive transcription elongation factor b (P-TEFb) from the 7SK snRNP in a manner that is dependent on its helicase activity, thereby promoting transcription of its target genes. Our results uncover the multifaceted role of DDX21 in multiple steps of ribosome biogenesis, and provide evidence implicating a mammalian RNA helicase in RNA modification and Pol II elongation control.
RNA helicases are highly conserved enzymes that use the energy of ATP to remodel RNA secondary structures and ribonucleoprotein complexes 2, 3 during various steps of RNA metabolism. In particular, the nucleolar helicase DDX21 is required for pre-rRNA processing 4, 5 , but the specific mechanism underlying this requirement remains unknown. Notably, DDX21 also influences c-Jun 6 transcriptional activities, suggesting a potential role in gene expression. To explore this, we first interrogated the chromatin association of DDX21 in HEK293 cells by chromatin immunoprecipitation followed by high-throughput DNA sequencing (ChIP-seq). Given that pre-rRNA processing occurs coordinately with rDNA transcription, we examined binding of DDX21 to the rDNA locus (Fig. 1a) . DDX21 broadly, but specifically, associated with the transcribed region of the rDNA, but not with the intergenic spacer, a profile characteristic of known Pol I-associated co-transcriptional regulators 7, 8 . In addition to rDNA binding, we identified 4,420 high-confidence peaks, most residing within 5 kilobases (kb) from annotated Pol II transcriptional start sites (Fig. 1b) . DDX21-bound promoters had, on average, high enrichment of Pol II and active chromatin marks (histone H3 Lys 4 trimethylation (H3K4me3), H3K27 acetylation (H3K27ac) and H3K9ac), but were depleted for repressive (H3K27me3 and H3K9me3) and promoterdistal (H3K4me1) marks (Fig. 1c, d ). Analysis of transcription factor motifs enriched at DDX21-bound regions uncovered recognition motifs of factors implicated in cell growth and proliferation (for example, E2F, STAT1, NRF1 and ETS; Extended Data Gene Ontology analyses of DDX21-bound regions revealed specific and highly significant association with several regulatory arms of the ribosomal pathway (Fig. 1e) . To verify this further, we compared annotations of DDX21-bound promoters to those H3K4me3-enriched but DDX21-unbound (Extended Data Fig. 1c ). As expected, DDX21-bound promoters were enriched for ribosomal Gene Ontology terms, while DDX21-unbound promoters were enriched for other biological processes (Extended Data Fig. 1d ). DDX21 binding was evident at promoters of genes encoding components of both the 40S (for example, RPS3) and 60S (RPL23A and RPL8) subunits (Fig. 1f) . Messenger RNAs that encode ribosomal proteins often harbour snoRNAs in their introns 9 . DDX21 binds promoters of more than 80% of snoRNA-containing host genes; those unbound are poorly expressed in HEK293 cells ( Fig. 1g and Extended Data Fig. 1e-g ).
To examine the effect of DDX21 on transcription, we depleted the protein using two independent short interfering RNA (siRNA) pools ( Fig. 1h and Extended Data Fig. 2a ). DDX21 knockdown decreased the steady-state levels of transcripts originating from DDX21-bound promoters, but had minimal effect on the unbound gene transcripts (Fig. 1h and Extended Data Fig. 2b ). To explore whether DDX21 directly regulates transcription of ribosomal mRNAs, we measured the effect of DDX21 depletion on the synthesis of nascent transcripts upon release from the transcriptional elongation block induced by the kinase inhibitor flavopiridol 10, 11 . We transfected HEK293 cells with control or DDX21 39 untranslated region (UTR) siRNAs, followed by expression of siRNAresistant wild-type (DDX21 WT ) or ATPase-defective 12 DDX21 (herein DDX21 SAT ; Fig. 1i and Extended Data Fig. 2c ). DDX21 knockdown impaired the production of nascent transcripts originating from DDX21-bound promoters, and this effect was rescued by the introduction of DDX21 WT , but not DDX21 SAT ( Fig. 1j and Extended Data Fig. 2d ). Similar results were obtained on transcripts originating from the rDNA locus (Extended Data Fig. 2e ). By contrast, non-target genes were minimally affected by the loss or ectopic expression of DDX21 ( Fig. 1j and Extended Data Fig. 2d ). Thus, DDX21 associates with and positively regulates transcription of Pol I-and Pol II-dependent ribosomal genes in a helicasedependent manner.
The aforementioned observations prompted us to investigate potential crosstalk between DDX21 functions across nuclear compartments. Consistent with previous studies 13 , inhibition of Pol I with either CX-5461 or a low dose of actinomycin-D (ref. 14) displaced DDX21 from the nucleolus, whereas localization of the nucleolar protein fibrillarin was not affected under these conditions ( Fig. 2a and Extended Data Fig. 3a, b) . Notably, hour-long inhibition of Pol II with flavopiridol recapitulated the nucleolar exclusion of DDX21 (Fig. 2a) . By contrast, serum starvation or treatment with metabolic inhibitors impacting either cellular respiration or the mTOR pathway did not alter DDX21 localization (Extended Data Fig. 4 ), underscoring the preferential sensitivity of DDX21 to transcriptional inhibition. Furthermore, inhibition of either Pol I or II impaired the association of DDX21 with both the rDNA and Pol IIregulated promoters ( Fig. 2c and Extended Data Fig. 3c, d ). This change in chromatin association was not due to widespread chromatin silencing and compaction, as inhibitors did not affect CTCF binding at the rDNA-or Pol II-regulated chromatin (Extended Data Fig. 3e, f) . Therefore, the chromatin association of DDX21 relies on the transcriptional status of either Pol I or II, suggesting coordination of the functions of DDX21 across subnuclear compartments.
The roles of DDX21 in transcription and rRNA processing are dependent on its intact helicase domain 4, 6 . We proposed that defining the RNA interactome of DDX21 would reveal insights into the molecular mechanisms underlying its diverse functions. To identify DDX21-associated RNAs systematically, we performed tandem purification iCLIP (individual-nucleotide-resolution crosslinking and immunoprecipitation) 15 ( Fig. 3a and Extended Data Fig. 5a , b) in HEK293 cells induced to express Flag-and haemagglutinin-tagged DDX21 (Flag-HA-DDX21). DDX21 interacts with a diverse set of RNAs, of which rRNA and snoRNAs were most highly represented, while mRNAs contributed only 1.1% of the iCLIP reads (Fig. 3b) . Gene ontology term and KEGG pathway analysis linked these mRNAs to ribosome function (Fig. 3b) . Comparisons between DDX21 iCLIP targets and those of the splicing factor hnRNP-C 16 revealed little overlap, underscoring the specificity of our results (Extended Data Fig. 5c-e) . We further confirmed select iCLIP interactions by ultraviolet RNA immunoprecipitation and quantitative reverse transcription PCR (qRT-PCR) (Extended Data Fig. 5f ).
rRNA and snoRNAs represent candidate direct partners for DDX21-mediated rRNA processing function. DDX21 broadly crosslinks to rRNA, with the strongest binding overlapping 29-O-methylation (29-Ome) and pseudouridylation (Y) sites (Fig. 3c) , which are targeted and modified by snoRNP complexes 17 . Furthermore, DDX21 robustly interacts with regions in the 59 external transcribed spacer, which is bound and processed by the U3 snoRNA 18 . Consistently, U3 is the most enriched short repetitive RNA of DDX21, crosslinking to DDX21 in two distinct 59 and 39 regions of known rRNA targeting function 18 (Extended Data  Figs 6f and 8c) . iCLIP of DDX21 SAT revealed that it retained the ability to bind the major classes of RNA recovered with the wild-type enzyme (Extended Data Fig. 6a-d) . However, there was a marked restriction of DDX21
SAT to 18S rRNA (Extended Data Fig. 6e) . Notably, the inability 
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SAT to bind the 59 external transcribed spacer was accompanied by the loss of the 59 end binding to U3 (Extended Data Fig. 6f ). Importantly, marked loss of DDX21
SAT association with the rRNA occurred in the absence of transcriptional defects in snoRNA production (Extended Data Fig. 6g ).
Consistent with preferential association of DDX21 WT at rRNA modification sites, snoRNAs represent the principal class of DDX21-bound RNAs (Fig. 3d) , as exemplified by snorD66 and snorA67, representing the C/D-and H/ACA-box subfamilies, respectively. DDX21 crosslinked most robustly outside the 'box' motifs (Extended Data Fig. 7a, b) , a pattern distinct from canonical snoRNP-binding proteins 19, 20 . In addition to snoRNAs, protein components of the snoRNP also associate with DDX21. We recovered NOP58, fibrillarin and dyskerin in DDX21 immunoprecipitation, both in the presence and absence of RNaseA (Fig. 3e) . Conversely, NOP58 co-immunoprecipitated DDX21 (Extended Data Fig. 7c ). Of note, DDX21 also binds XRN2, a snoRNA-processing exonuclease 21 , but in an RNase-dependent manner (Extended Data Fig. 7d ).
To explore whether DDX21 is required for snoRNP-mediated rRNA modifications 17 , we assayed changes in 29-Ome levels using site-directed cleavage of rRNA by RNaseH 22 (Extended Data Fig. 7e ). We treated HEK293 cells with control or DDX21 39 UTR siRNAs, followed by expression of DDX21 WT LETTER RESEARCH failed to rescue rRNA methylation levels at multiple sites, especially on the 28S rRNA, whereas DDX21
WT recovered the 29-Ome defects (Fig. 3f) . We cannot exclude the possibility that the observed 29-Ome defects were due to the role of DDX21 in snoRNA transcription. However, changes in snoRNA binding pattern between DDX21
SAT and DDX21 WT can be readily detected in the absence of snoRNA transcriptional defects (Extended Data Figs 6f, g and 7f) . Therefore, the helicase domain of DDX21 is required for proper binding to both rRNA and snoRNAs, suggesting a direct function within the snoRNP.
We next examined our iCLIP results for insights into the role of DDX21 in regulating Pol II-dependent transcription. While ultraviolet crosslinking to mRNAs suggested a potential cis-mechanism at DDX21-target genes, transcripts from most DDX21-occupied promoters were not recovered in iCLIP and only 8% of the iCLIP mRNA reads mapped within 59 UTRs (Extended Data Fig. 8a, b) . Thus, nascent RNA tethering is unlikely to be the major mechanism of DDX21 chromatin recruitment. Notably, 7SK snRNA, a well-known trans-acting non-coding RNA involved in Pol II transcription [23] [24] [25] [26] , was among the most highly enriched DDX21-bound RNAs (Extended Data Fig. 8c ). Together with HEXIM1/2 and P-TEFb (which consists of a CDK9 and cyclin T1 heterodimer), 7SK functions to modulate Pol II promoter pause-release 27, 28 . We observed DDX21 crosslinking most robustly to two specific sites on 7SK (Fig. 4a) , outside the known binding sites of HEXIM1/2 and P-TEFb 29 (Extended Data Fig. 8d ). Recent evidence demonstrated that the 7SK snRNP is physically associated with Pol II promoters, where P-TEFb is then released 24, 25, 30 . We proposed that DDX21 is recruited to Pol II promoters together with the 7SK snRNP. Consistent with this hypothesis, protein components of the 7SK snRNP associate with DDX21 in reciprocal co-immunoprecipitation experiments (Extended Data Fig. 8e, f) . Furthermore, both HEXIM1 and CDK9 are bound at DDX21-target Pol II promoters, but not at the rDNA locus (Extended Data Fig. 9a, b) . Finally, depletion of 7SK with two independent antisense oligonucleotides 26 strongly reduced the association of DDX21 with Pol II-bound promoters, but not at the rDNA (Fig. 4b and Extended Data Fig. 9c ), indicating that 7SK facilitates the association of DDX21 with promoters. Notably, similar to DDX21, Gene Ontology analyses of CDK9 ChIP-seq from HEK293 cells 30 revealed enrichment for components of the ribosomal pathway (Extended Data Fig. 9d) , suggesting that the 7SK snRNP complex might have an inherent preference for binding at ribosomal and growth control genes. Nonetheless, this preference alone cannot entirely explain the specificity of DDX21 targeting to ribosomal genes, because we also detected HEXIM1 and CDK9 at active promoters unbound by DDX21 (Extended Data Fig. 9a, b) .
Transcriptional elongation is triggered by phosphorylation of the Pol II carboxy-terminal domain at serine 2 (Ser2p) upon release of P-TEFb from 7SK 25, 28, 30 . To test whether DDX21 facilitates P-TEFb release, we performed a 'release assay' 24, 30 by purifying the inactive form of the 7SK snRNP. Incubation of the inactive 7SK snRNP with purified Flag-HA-DDX21 resulted in the dose-dependent release of CDK9, whereas a control Flag purification showed no release (Fig. 4c, d) . Consistent with its role in promoting the activity of P-TEFb, DDX21 knockdown impaired Pol II Ser2p at the 39 ends of DDX21-target genes (Fig. 4e) . Total levels of Pol II at the same regions were also diminished, concordant with an elongation defect (Extended Data Fig. 9e ).
DDX21 promotes transcription in a manner dependent on its catalytic domain (Fig. 1j and Extended Data Fig. 2d ) and we proposed that this feature would extend to its role in P-TEFb release. Notably, although DDX21
SAT is recruited to Pol II promoters, binds to 7SK and interacts with P-TEFb in the lysate (Extended Data Fig. 10a-c) , it shows marked differences in the 7SK ultraviolet crosslinking as compared to DDX21 Fig. 10c ). These observations suggest that DDX21 SAT recognizes 7SK, but is unable to remodel the RNA. Indeed, we find that both DDX21 SAT and an additional catalytically defective mutant, DDX21 DEV (Extended Data Fig. 2c ), failed to release P-TEFb from the inactive 7SK snRNP (Fig. 4f) . Therefore, DDX21 requires its active helicase domain to drive Pol II-dependent transcription through release of P-TEFb and consequently promote transcriptional elongation.
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Collectively, we showed that DDX21 is incorporated into distinct snRNP complexes, 7SK snRNP and snoRNP (Extended Data Fig. 10d) , to regulate transcriptional and post-transcriptional steps of ribosome biogenesis. Our data suggest that DDX21 is a key component in coordinating transcriptional programs across distinct nuclear compartments, as its engagement with chromatin is sensitive to the status of both Pol I and Pol II. We propose that through its multifaceted function in ribosome biogenesis, DDX21 has a key role in regulating cellular growth in health and malignancy.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
LETTER RESEARCH METHODS
HEK293 cells were cultured in DMEM plus 10% FBS and maintained under standard tissue culture conditions. ChIP-seq and ChIP-qPCR analyses were conducted in HEK293 cells with commercially available antibodies as described. The nascent transcript assays have been described elsewhere 31 . In brief, HEK293 cells stably expressing inducible transgenes for either DDX21
WT or DDX21 SAT were cultured in tetracycline-free serum (GIBCO) and seeded at a density of 30-50% confluency overnight. Cells were transfected for two consecutive days with a pool of siRNA targeting the DDX21 39 UTR (see later in the text). Twelve hours after the second transfection, 0.025 mg ml 21 doxycycline (dox) was added to the media for an additional 24 h. At this point cells were treated for 1 h with either DMSO or flavopiridol (1.0 mg ml
21
) to inhibit Pol II elongation. For 'wash-off' cultures, cells were washed 3-4 times with pre-warmed media and allowed to recover transcription for either 30 or 60 min. Cells were immediately collected in TRIzol and RNA was extracted as described later. For immunofluorescence studies cells were fixed in methanol and stained for the indicated antibodies. Small molecule treatments with DMSO, actinomycin-D, flavopiridol or CX-5461 were done for 1 h, unless otherwise specified. iCLIP was performed from HEK293 cells stably expressing Flag-HA-DDX21. The RNaseH cleavage assay was optimized from a previously reported method to cleave RNA at specific bases in a manner sensitive to the 29-Ome status of the nucleotide of interest 22 . For the P-TEFb release assay, the inactive 7SK snRNP complex was purified by immobilizing HEXIM1, followed by incubation with biochemically purified Flag-HA-DDX21. The predicted 7SK structure has been published elsewhere 32 . Cell lines. HEK293 and HeLa cells were obtained from ATCC and grown under standard conditions in DMEM plus 10% FBS supplemented with antibiotics. All cell lines used in this study are mycoplasma-free. For generating stable HEK293 cells expressing Flag-HA-DDX21 (FH-DDX21) full-length DDX21 was amplified from complementary DNA and cloned into a dox-inducible pTrip-Flag-HA lentiviral vector. The cloning strategy for generating DDX21 DEV and DDX21 SAT has been previously described 12 . HEK293 cells were infected and several clones were expanded for further analyses and tested for mycoplasma. For the iCLIP experiments, expression of the DDX21 transgenes was achieved by addition of dox (0.025 mg ml
) to the media. Cells were collected 24 h after the addition of dox. ChIP-qPCR and ChIP-seq. ChIP assays were performed as previously described 24, 33 . In brief, HEK293 cells were cross-linked with 1% formaldehyde for 10 min at room temperature and quenched with glycine to a final concentration of 0.125 M for another 10 min. Chromatin was sonicated with a Bioruptor (Diagenode), cleared by centrifugation, and incubated overnight at 4 uC with 5-7 mg of the desired antibodies: anti-DDX21 (Novus Biologicals BP100-1781 and NBP1-83310), anti-Pol II Ser2p (Active Motif 61084), anti-Pol II (Santa Cruz Biotechnology sc-899), anti-CTCF (Cell Signaling 2899) anti-CDK9 (1:1 mix of Santa Cruz Biotechnology sc-8338 and sc-484). Immunocomplexes were immobilized with 100 ml of protein-G Dynal magnetic beads (Life Technologies) for 4 h at 4 uC, followed by stringent washes and elution. Eluates were reverse cross-linked overnight at 65 uC and deproteinated with proteinase K at 56 uC for 30 min. DNA was extracted with phenol chloroform, followed by ethanol precipitation. ChIP-seq libraries were prepared according to the NEBNext protocol and sequenced using Illumina HiSeq 2500. ChIP-qPCR analyses were performed in a Light Cycler 480II machine (Roche). ChIP-qPCR signals were calculated as percentage of input. Fold induction was calculated over a negative genomic region. All primers used in qPCR analyses are shown in Supplementary Table 1. All ChIP antibodies have been previously validated unless otherwise specified. ChIP-seq analyses. Sequences were mapped using DNAnexus software tools and analysed by QuEST and MACS2. For QuEST, ChIP-seq peaks were determined using a kernel density estimate bandwidth of 30, a ChIP candidate threshold of 20, a ChIP extension fold enrichment of 3, and a ChIP-to-background fold enrichment of 3. WIG files were generated with QuEST and used for visualization in the UCSC Genome Browser and for obtaining average signal profiles. Average ChIP-seq signal profiles around the centre of DDX21 ChIP-seq peaks were generated with the Sitepro tool, which is part of the Cistrome/Galaxy pipeline. We used the HOMER software to associate DDX21 ChIP-seq peaks to different genomic features. Functional annotation and Gene Ontology categories were obtained with GREAT 34 . For ascribing DDX21 binding to snoRNA-host genes, we generated a file containing all snoRNAs and their associated host genes and only snoRNAs residing within introns of RefSeq genes were used in this study. To avoid redundancies all entries were inspected manually in the UCSC genome browser.
All genomic data sets have been deposited under the GEO record GSE56802. Other data sets used in this study were obtained from GSM891237, GSE36620, GSM1249888, GSM1249889, GSE20598, GSM1249897 and GSE20598.
For mapping DDX21 ChIP-seq to the rDNA, we obtained the DNA consensus sequence of the 43-kb ribosomal locus NCBI (GeneBank ID: U13369.1). This 43 kb itself is unique relative to other locations in the human genome; however, as noted, it is repeated hundreds of times in each of the 5 chromosomal clusters. Using this unique 43-kb region, we used the Bowtie algorithm to map ChIP-seq reads with standard parameters used for mapping to the Hg19 human genome build. The same strategy has been employed by other groups to map transcription factors ChIP reads to the rDNA locus 7 . RNA extraction and qRT-PCR. RNA was isolated using Trizol (Life Technologies) according to the manufacturer's protocol. All RNA samples were DNase-treated with the Turbo DNA-Free kit (Ambion). cDNA was generated using SuperScript VILO (Life Technologies) according to manufacturer instructions. qPCR analyses were performed on the Light Cycler 480II (Roche). All primers used are shown in Supplementary Table 1 .
Immunofluorescence. HEK293 cells were seeded into 24-well plates containing 12-mm glass coverslips and cultured for 16 h in DMEM containing 10% FBS (v/v). Cells were then treated for the indicated drugs (refer to the corresponding figure legends for drug concentration and time scale of the experiment). Cells were fixed in 4% paraformaldehyde for 10 min at room temperature, 3 3 5-min washes with PBS, followed by an ice-cold methanol fix for 2 min and 2 3 5-min washes with PBS. Cells were permeabilized in PBS containing 0.3% (v/v) Triton X-100 for 5 min, and blocked overnight at 4 uC in PBT buffer (PBS with 1% BSA, 0.1% Triton X-100 (v/v), 0.05% sodium azide (w/v)). After blocking, coverslips were incubated in PBT with the corresponding antibody. For DDX21 (Novus Biologicals NBP1-83310) the antibody was diluted 1:200 and incubated at room temperature for 2 h. For fibrillarin (Cell Signaling C13C3) the antibody dilution was 1:100 and incubated at room temperature for 2 h. Coverslips had 3 3 5-min washes with PBT and incubated with the Alexa-Fluor 568 secondary antibody (1:1,000; Life Technologies) for 1 h. Cells were washed 3 3 5 min with PBT, 2 3 5 min with PBS, rinsed briefly with water and mounted onto glass slides using VECTASHIELD mounting medium with DAPI. All images were taken and processed using a Zeiss LSM700 confocal microscope. Western blots and co-immunoprecipitation. HEK293 nuclear extracts were prepared as described previously 35 . For immunoprecipitations, extracts were incubated overnight with 3 mg of the desired antibody pre-bound to protein G-sepharose (Pierce). In some case protein extracts were treated with RNaseA (20 mg ml
). Immunocomplexes were eluted in 23 Laemmli buffer and resolved in an 8% acrylamide gel. For western blots the following antibodies were used according to manufacturer instructions: anti-NOP58 (Bethyl A302-718A); anti-fibrillarin (Cell Signaling C13C3); anti-DKC1 (Gene Tex GTX109000); anti-Flag (Sigma); anti-DDX21 (Novus Biologicals NB100-1781); anti-LARP7 (a gift from D. H. Price); anti-CDK9 (Santa Cruz Biotechnology sc-484); anti-cyclinT1 (Santa Cruz Biotechnology sc-10750); and anti-HEXIM1 (Bethyl A303-113A). All antibodies have been previously validated unless otherwise specified. iCLIP and data analysis. The iCLIP method was performed as described before with the specific modifications below 15, 36 . Twenty-four hours after dox treatment (0.025 mg ml 21 
), FH-DDX21
WT or FH-DDX21 SAT HEK293 cell lines were ultraviolet crosslinked to a total of 0.3 J cm
22
. Whole-cell lysates were generated in CLIP lysis buffer (50 mM HEPES, 200 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% NP-40, 0.2% Triton X-100, 0.5% N-lauroylsarcosine) and briefly sonicated using a probe-tip Branson sonicator to solubilize chromatin. Each iCLIP experiment was normalized for total protein amount, typically 2 mg, and partially digested with RNaseA (Affymetrix) for 10 min at 37 uC and quenched on ice. FH-DDX21 was isolated with anti-Flag agarose beads (Sigma) for 3 h at 4 uC on rotation. Samples were washed sequentially in 1 ml for 5 min each at 4 uC: 23 high stringency buffer (15 mM Tris-HCl, pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% sodium deoxycholate, 120 mM NaCl, 25 mM KCl), 13 high salt buffer (15 mM Tris-HCl pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 1% sodium deoxycholate, 1 M NaCl), 13 NT2 buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM MgCl 2 , 0.05% NP-40). Purified FH-DDX21 was then eluted off anti-Flag agarose beads using competitive Flag peptide elution. Each sample was resuspended in 500 ml of Flag elution buffer (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 0.5% NP-40, 0.1% sodium deoxycholate, 0.5 mg ml 21 Flag peptide) and rotated at 4 uC for 30 min. The Flag elution was repeated once for a total of 1 ml elution. FH-DDX21 was then captured using anti-haemagglutinin agarose beads (Pierce) for 1 h at 4 uC on rotation. Samples were then washed as previously in the anti-Flag agarose beads. 39-end RNA dephosphorylation, 39-end single-stranded RNA ligation, 59 labelling, SDS-PAGE separation and transfer, autoradiograph, ribonucleoprotein isolation, proteinase K treatment, and overnight RNA precipitation took place as previously described 15 . The 39-end single-stranded RNA ligation adaptor was modified to contain a 39 biotin moiety as a blocking agent (Supplementary Table 1 ). The iCLIP library preparation was performed as described elsewhere (R.A.F., L.M., R.C.S. and H.Y.C., unpublished observations). Final library material was quantified on the BioAnalyzer High Sensitivity DNA chip (Agilent) and then sent for deep sequencing on the Illumina NextSeq machine for 1 3 75-bp cycle run. iCLIP data analysis was performed as previously described 15 . For analysis of repetitive non-coding RNAs, custom annotation files were built from the Rfam database and reads were mapped under standard iCLIP processing steps. For the repetitive RNA analysis we normalized RESEARCH LETTER the iCLIP reverse transcription stops across each RNA transcript, which allows the comparison of the shape of the profile, with this normalization, the y axis is informative only for the relative binding preference and does not imply the strength of binding. siRNA and antisense oligonucleotide knockdown. For DDX21 knockdown, HEK293 cells (2.5 3 10 5 ) were transfected in DMEM supplemented with 5% FBS without antibiotics using RNAiMAX (Life Technologies). DDX21 (20 nM) or control siRNA was used in this study. Notably, DDX21 depletion was difficult to achieve, thus for efficient DDX21 knockdown (60-80% at the protein level) three consecutive siRNA transfections were required. siRNA diced pools were generated in J.W.'s laboratory using recombinant Giardia lamblia Dicer.
ASO depletion of 7SK was performed as previously described 26 . In brief, HEK293 cells (2 3 10 6 ) were nucleofected with the Amaxa Nucleofector 2b (Lonza) with 1 nmol of scramble control, 59-7SK, or 39-7SK (ref. 26) . Cells were cultured for 12 h at 37 uC and collected for ChIP-qPCR as described above. A fraction of each sample was collected with Trizol for assaying 7SK knockdown by qRT-PCR as described above. Site-directed RNaseH rRNA cleavage assay. HEK293 cells were seeded and transfected with DDX21 or control siRNA as described above. Twelve hours after the second siRNA transfection, DDX21
WT or DDX21 SAT cDNAs were induced by adding 0.25 mg ml 21 dox, after which cells were collected by scrapping the monolayer in ice-cold PBS. Total cellular RNA was isolated by Trizol extraction and RNeasy column clean up. To evaluate the fraction of methylation of specific nucleotides within the rRNA quantitatively, we optimized an established assay using RNaseH to cleave unmethylated RNA selectively 22 . Several sites were selected based on iCLIP reverse transcription stops to both the rRNA region of interest as well as reverse transcription stops on the targeting snoRNA transcript. Chimaeric 29-Ome/DNA oligonucleotides were ordered for three sites (Supplementary Table 1 ) each containing three DNA nucleobases for RNaseH targeting. For each cleavage reaction 1 mg of total RNA was mixed with 0.5 pmol of a specific chimaeric oligonucleotide (final volume of 6 ml) and annealed to the rRNA by incubating at 80 uC for 2 min and then step-cooling the sample to 25 uC, decreasing the temperature 1 uC per second. Then 2.5 ml of 43 RNaseH cleavage buffer (80 mM Tris-HCl, pH 7.5, 40 mM MgCl 2 , 400 mM KCl, 0.4 mM dithiothreitol, 20 mM sucrose), 1 ml of RNaseH (Roche, note: RNaseH from this supplier is critical as other suppliers or isolates have different specificity for site-directed cleavage), and 1 ml of SUPERaseIn (Life Technologies) were added to each reaction and incubated for 25 min at 37 uC. Samples were subsequently purified using RNeasy columns and eluted in 100 ml of water. For visualization and quantification, 5 ml of each sample was mixed with 5 ml of GLBII (Life Technologies) and heated to 65 uC before agarose gel electrophoresis. Full-length and cleavage products were imaged and quantified on a ChemiDoc XRS1 (BioRad). P-TEFb release assay. The P-TEFb release assay was performed as previously described 37 with some modifications. Five micrograms of anti-HEXIM1 (ab25388) antibody was pre-bound to protein A Dynal magnetics beads (Life Technologies) and incubated with 2.5 mg of HeLa cell nuclear extracts to immobilize the inactive 7SK snRNP complex. The resulting immunocomplexes were incubated with increasing amounts of purified Flag-DDX21 and incubated for 2 h on ice. A magnetic separator was used to sequester the remaining HEXIM1-bound 7SK snRNP, and the resulting eluates were collected and analysed by western blotting. For purification of Flag-DDX21, nuclear extracts from HEK293 cells stably expressing Flag-DDX21 were prepared using a modified version of ref. 35 . Purified nuclei were extracted in Dignam and Roeder buffer C and cleared by centrifugation. The salt concentration of the cleared extracts was adjusted to 250 mM with Dignam and Roeder buffer D. The resulting nuclear extracts were incubated with Flag-M2 agarose beads (Sigma) for 2 h to immobilize Flag-DDX21, followed by stringent washes: Extended Data Figure 1 | DDX21 associates with non-and protein-coding ribosomal genes. a, MEME analysis of DDX21-bound regions defined by DDX21 ChIP-seq. Motif logo, annotated transcription factor, number of motif instances within the ChIP-seq regions, Z score, and P value for each motif are shown. b, DDX21 ChIP-qPCR from HeLa cell chromatin extracts with primers spanning a representative number of loci found to be enriched in the DDX21 ChIP-seq analyses from HEK293 cells. Data are mean and s.d. of three independent experiments. c, Comparison of DDX21 (this study) and H3K4me3 (publically available data, see Methods for accession numbers) ChIP-seq-bound regions. 2,863 regions are common between the data sets, 505 regions are unique to DDX21, and 11,403 regions are unique to the H3K4me3 data set. d, Gene Ontology terms for H3K4me3 regions that are either DDX21-bound (left) or not bound by DDX21 (right). e, Box plots representing the expression levels of snoRNA-host genes whose promoter regions are either bound or not by DDX21. As shown, snoRNA-host gene promoters bound by DDX21 are, on average, more highly expressed than those not occupied by DDX21. Fragments per kilobase of exon per million mapped reads (FPKM) values were taken from publically available HEK293 RNA-seq data (see Methods for accession number). The P value (P # 0.05) was calculated using the Wilcoxon signed-rank test. f, g, UCSC genome browser tracks depicting DDX21 ChIP-seq and iCLIP-seq, and RNA-seq enrichment profiles at differentially expressed snoRNA-host genes in HEK293 cells.
RESEARCH LETTER
Extended Data Figure 2 | DDX21 positively regulates transcription of Pol Iand Pol II-dependent ribosomal genes. a, siRNA-mediated knockdown of the DDX21 antibody used for ChIP. We transfected HEK293 cells with two different sets of siRNAs targeting endogenous DDX21 mRNA (siRNA1 and siRNA2 (39 UTR)) and performed western blots with the indicated antibodies. As shown, the DDX21-specific band is diminished in cells transfected with DDX21-targeting siRNAs, but not with control siRNAs. Actin was used as a loading control for this experiment. b, RT-qPCR analysis assessing the RNA expression levels of the same genes analysed in Fig. 1h upon DDX21 knockdown by a second siRNA that targets the 39 UTR of DDX21 mRNA. Data are mean and s.d. of three independent experiments. For DDX21-target genes the difference between control and DDX21 siRNA is significant, P # 0.05 (Student's t-test). c, Diagram of DDX21 protein domains. The two conserved RecA-like (A and B) domains and the GUCT domains are shown in green and blue, respectively. Amino acids targeted for mutation 12 to convert DDX21 WT For each analysis, total RNA was isolated from 1,500,000 nuclei. Total nanogram amounts are shown for each of the two large rRNA subunits.
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